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Electrical control and detection of magnetic ordering inside antiferromagnets has attracted 
considerable interests, for the potential advantages in operating speed and device densities. 
In contrast to ferromagnets, where the current-induced torque on magnetic moments can be 
analyzed via comparison with magnetic field’s influence, the quantitative investigation on 
the spin torque mechanism in antiferromagnets represents a greater challenge, due to the 
lack of a convenient, independent method for controlling Néel vectors. Here by utilizing an 
antiferromagnetic insulator with Dzyaloshinskii-Moriya interaction, α-Fe2O3, we show that 
the Néel vector can be easily controlled with the application of a moderate external magnetic 
field, which can be further used to examine the current-induced magnetic dynamics. We find 
that in this antiferromagnetic insulator, current-induced magnetoresistance change can be 
complicated by resistive switching that does not have a magnetic origin. By excluding non-
magnetic switching and comparing the current-induced and field-induced Néel vector tilting, 
we reveal the important role of magnetoelastic effect in current-induced dynamics of this 
antiferromagnet. The nature and magnitude of magnetoelastic effect is further determined 
and compared with possible spin orbit torque influences.  
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Current induced magnetic switching has been recently reported in both metallic1-7 and 
insulating8-11 antiferromagnetic systems. Anisotropic magnetoresistance (AMR), spin Hall 
magnetoresistance (SMR) or related planar Hall resistance (PHR) has been generally employed to 
characterize the electrically induced 90° Néel vector switching. However, unlike ferromagnetic 
systems, where the current induced spin torque can be calibrated by using external magnetic field 
as a standard 12-14, it is much less straightforward to build a quantitative relationship between the 
change of resistance value and the magnitude of spin torque in antiferromagnets. So far X-ray 
based imaging techniques, which requires specialized facilities, have to be utilized to determine 
the ratio of switched magnetic domains2,7,8,10. Therefore, there is an urgent need for the 
development of an electrical measurement method that can be used to quantify the magnitude of 
current-induced effect in antiferromagnets.  
α-Fe2O3 is a well-studied antiferromagnetic insulator15-17, with high Néel temperature (955 
K) and strong antiferromagnetic exchange interaction (effective exchange field 900~1000 T). As 
is shown in Fig. 1a, α-Fe2O3 has trigonal crystal structure, and the two spin sublattices are stacked 
alternatively along (0001) direction. It is well-known18 that at room temperature, α-Fe2O3 exhibits 
an easy-plane anisotropy, which has a very weak ferromagnetism (Ms~2 emu/cc) due to the 
Dzyaloshinskii-Moriya (DM) interaction that causes a <0.1° in-plane canting angle between 
magnetic moments of the two sub-lattices. Thanks to the small net moment and the very weak 
magnetic anisotropy within the basal plane18, the spin-flop field for aligning the Néel vector 
perpendicular to the external field direction in α-Fe2O3 can be orders of magnitude smaller 
compared to other antiferromagnets, providing a convenient way for controlling the magnetic 
ordering orientation. In the meantime, the small net moment (M) is perpendicularly oriented with 
respect to the Néel vector (N) direction, allowing us to separate the different contributions from M 
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and N to transport effects such as SMR. Therefore, α-Fe2O3 represents a nice antiferromagnetic 
material platform, enabling us to characterize the electrically induced magnetic dynamics by 
comparing to the field-induced switching.  
We grew α-Fe2O3 films on α-Al2O3 (0001) substrates with magnetron sputtering and post-
deposition annealing. As is shown in Fig. 1b, despite the substantial lattice mismatch (~5.8% in-
plane), epitaxial α-Fe2O3(0001) films were obtained. The magnetization hysteresis curves 
measured with a SQUID magnetometer at 300 K are illustrated in Fig. 1c, which show a small Ms 
around 1.5~2 emu/cc and a coercive field of 500~1000 Oe within the entire thickness range 
(10~120 nm), consistent with the reported values in previous literatures18,19. In order to study 
current-induced switching and observe the SMR, we sputter 5 nm Pt on 10 nm α-Fe2O3 films and 
fabricate Hall bars with 4~20 μm width (Fig. 1d). Both longitudinal (Rlong) and transverse 
resistances (RH) were measured with a rotating external field in the film plane, which aligns the 
Néel vector perpendicular to the field orientation (Fig. 1e and f). Consistent results have been 
obtained for Rlong and RH measurements after taking into account different geometrical factors in 
those two configurations. In the following, we will mostly focus on RH measurement for 
monitoring magnetic ordering. Close to saturation, the transverse SMR curves can be fitted by 
𝑅H =
Δ𝑅H
2
sin(2𝜃), where 𝜃 is the field angle defined in Fig. 1d. Our SMR signal is consistent with 
the previous findings in other antiferromagnetic insulators such as NiO and Cr2O3 
20-23: the 
longitudinal SMR reaches maximum when N is collinear with current I. This sign is opposite to 
the SMR signal expected from a ferromagnetic material through the residual magnetic moment, 
suggesting the dominant role of Néel vector in the SMR effect. The magnitude of SMR 
(Δ𝑅long/𝑅long ~ 0.06%) is also comparable to the earlier reports in NiO
20,21. 
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We first tested the current-induced 90° Néel vector switching by following the procedures 
in Ref. 8 and 10. As is shown in Fig. 2a, we send large current pulses with 10 ms pulse width that 
are oriented –45° (step A) and +45° (step B) from the horizontal direction to induce possible 
switching of the Néel vector. According to the current-induced spin-orbit torque picture, this would 
flip the Néel vector along the two orthogonal directions. To monitor the possible switching, we 
record the transverse SMR signal RH after each pulse with a small sensing current. To minimize 
the thermally induced resistance variation, RH is read after 10 s of waiting, allowing the device to 
return to equilibrium. As is shown in Fig. 2b, a periodic change in RH is indeed observed. RH 
repeatedly switches between the low and high values after applications of setting and resetting 
current pulses and forms a zigzag pattern.   
The biggest advantage associated with using α-Fe2O3 for spin torque switching lies in the 
easiness of controlling the Néel vector with an external field. Therefore, to check if the observed 
switching have magnetic origins, we compared the current-induced RH change with and without 
an external field. As is shown in Fig. 2c, across the whole current range of 39~45 mA, the 
switching behaviors under these two conditions are very similar. The minor difference in the exact 
RH value between the two curves are smaller than run-to-run variations under the same field 
condition. From this comparison, we see that the applied field, which is supposed to align Néel 
vectors and suppress the current-induced switching, turns out to have very small influences on the 
resistance change.   
Furthermore, to understand the relationship between the resistance change and magnetic 
switching, we studied the magnetic states after applied current pulses by measuring the angle-
dependent SMR curves. In principle, if the switching behavior of Fig. 2b and c comes from the 
reorientation of Néel vector, the SMR value after these pulses would correspond to a peak or valley 
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position in the subsequent angle-dependent SMR curve. However, we found no obvious change in 
the SMR signal, which always starts from zero and oscillates identically as field rotates, regardless 
of the magnitude and direction of the prior current pulses (Fig. 2d and e). The major effect of the 
pulses is to cause an overall positive or negative shift in SMR curves. With large pulses, this shift 
can become even larger than the full range of field-induced SMR (Fig. 2e). This independence 
between current-induced RH switching and Néel vector change suggests that within our studied 
current range, the observed switching has a resistive origin. Therefore, the expected current-
induced magnetoresistance switching is likely masked by the strong non-magnetic switching in 
our material system. One possible explanation for the observed sawtooth-like switching could be 
the electromigration effect associated with Pt wire24. We estimate that the current-induced 
temperature change of our devices can be as high as ~150 K under the applied current density (up 
to 6×107A/cm2) (see supplementary information), which is comparable to the values reported in 
previous memristive switching experiment with Pt24. 
The overall resistance shift caused by current pulses represents an obstacle in revealing 
current-induced magnetic switching. To overcome this difficulty and search for possible features 
of magnetic dynamics, we designed a new experiment which allows the demonstration of the 
magnetic switching tendency with smaller applied currents. We measured the angle-dependent 
SMR curve subject to an in-plane rotating field by applying different sensing currents. If there is 
a current-induced field or torque effect which tends to switch the magnetic ordering, the Néel 
vector will be tilted away (or towards) the current direction. This will be reflected as a deviation 
from the original angle dependence of the SMR signal, from which we can extract the nature and 
magnitude of current’s influence (Fig. 3a). Since we are focusing on the relative change of the 
SMR curve under constant currents, the overall shift due to resistive switching as in Fig. 2 does 
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not make any contribution. Besides the current effect, we find that our α-Fe2O3 film always exhibits 
an intrinsic easy-axis anisotropy within the basal plane due to the broken symmetry within the 
substrate, which favors [ 1̅21̅0]  as an easy axis for the Néel vector N (see supplementary 
information for details). The easy-axis anisotropy energy is determined to be ~ 900 erg/cm3 from 
our experiment. We take into account the influence from this constant, in-plane magnetic 
anisotropy in the following analysis on current-induced magnetic tilting. 
The evolution of SMR signal with different currents applied along the x direction is shown 
in Fig. 3b. The 2 mA curve is used as a baseline for its low current density (~4×106A/cm2). As 
current increases, the field angle (θH) corresponding to the peak and valley locations of SMR 
curves shifts towards the x axis (0 and 180° direction), suggesting that a field that is closer to  x 
direction is needed to balance the current-induced effect for reaching the same SMR extrema. This 
observed trend, therefore, implies that the current’s effect tends to align M along y axis. More 
quantitatively, we can correlate SMR measured in Fig. 3b with the magnetic moment orientation 
θM using the relationship of 𝑅H =
Δ𝑅H
2
sin(2𝜃𝑀). The current induced Néel vector tilting can be 
characterized by the misalignment angle between M and H (θM – θH) as a function of θH, as is 
plotted in Fig. 3c. We note that within the first half of the period (θH = 0~90°), θM – θH has negative 
values under the lowest applied current (2 mA), which can be explained by the intrinsic anisotropy 
within the basal plane that favors y axis for N. As current increases, θM – θH becomes less negative 
and at 20 mA it even switches sign, suggesting that current’s effect is dominant over the intrinsic 
anisotropy and x axis becomes more energetically favorable for N. We verified that this effect 
remains the same under the reversal of current direction. However, when the current direction is 
rotated by 90°, its influence on magnetic anisotropy changes sign and it now increases the intrinsic 
easy-axis anisotropy within the basal plane by tilting N further towards the y axis (Fig. 3d).   
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In the measurement of Fig. 3b to d, the applied current always tends to align M 
perpendicular to its direction (or equivalently, align N parallel with it). This trend is consistent 
with the effect of current-induced Oersted field. However, the Oersted field is more than an order 
of magnitude smaller compared to the field strength needed for the observed effect (see 
supplementary information). Besides Oersted field, we can also exclude the Joule heating-induced 
overall temperature increase as the mechanism for magnetic moment tilting. The magnetic 
anisotropy change due to the overall temperature increase should be a simple function of 
temperature and will have the same sign for currents applied along x and y axis, which is 
contradictory to our observation.  
To answer the question whether the observed phenomena are due to spin-orbit torque, we 
modelled spin torque’s influence on the dynamics of antiferromagnet. The magnetic dynamics of 
collinear antiferromagnets can be described by a pair of coupled Landau-Lifshitz-Gilbert (LLG) 
equations on the two sublattices 𝒎𝑨,𝑩 (see supplementary information). In the LLG equations, the 
field-like torque on the two sublattices 𝝉𝑨,𝑩
𝐅𝐋 = 𝜏FL?̂? × 𝒎𝑨,𝑩  add destructively, so it only has 
negligible effect25,26. However, the damping-like torque on the two sublattices 𝝉𝑨,𝑩
𝐃𝐋 = 𝜏DL𝒎𝑨,𝑩 ×
(?̂? ×𝒎𝑨,𝑩) can add constructively and lead to an observable effect. We solved the LLG equations 
numerically to find the equilibrium positon of M and N with applied currents. We find that for 
moderate current amplitudes that are not enough to drive Néel vector into continuous precession9,27, 
the damping-like torque’s influence on magnetic dynamics is mostly to modify the equilibrium 
orientation of N within the easy plane. According to our modelling, in this non-precession regime, 
the spin torque induced in-plane tilting tends to align the Néel vector closer to the injected spin 
orientation (or equivalently, more perpendicular to the current flowing direction), which is 
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opposite to the experimental observation. Therefore, spin-orbit torque is likely not the root cause 
of the measured effects in Fig. 3.  
 Further evidence that the spin orbit torque is not the dominant mechanism for our observed 
effect comes from the comparison of devices with different dimensions. In principle, spin torque 
is proportional to the current density J inside the heavy metal layer, and should not depend on the 
device dimensions. In Fig. 4a, we plotted the magnetic moment tilting angle θM – θH for three 
devices with channel width w of 4, 10 and 20 μm, respectively. We first kept the current density J 
the same between the 4 μm and 10 μm wide devices and found that the latter has a much larger 
tilting angle. We then conduct measurements by keeping the device temperature the same by using 
different current densities for the 10 μm and 20 μm devices (see supplementary information). We 
observe that under similar heating conditions, the current-induced tilting becomes comparable in 
this group of control samples. The fact that the effect heavily depends on the temperature instead 
of current density strongly suggests that it originates from a thermal mechanism.  
 While an overall temperature increase cannot cause the measured moment tilting, the Joule 
heating can lead to an additional effect that affects the magnetic anisotropy through the 
magnetoelastic coupling, which is a significant factor in antiferromagnets. Under a heating current, 
the lattice constant of substrate under the device region will get larger due to thermal expansion 
compared with that in unheated regions, resulting in net compressive stresses (see Fig. 4b). 
Because of the long strip shape of the current channel, the thermal stress around the device has an 
anisotropic distribution. The compressive stress along x direction is much stronger than that along 
y direction. By using thermo-mechanical finite element simulations (see supplementary 
information for details) (Fig. 4c), we determined that the average in-plane anisotropic stress over 
the Hall cross region is ∆𝜎 = 𝜎𝑥 − 𝜎𝑦~ −40 MPa for the 20 mA applied current in Fig. 3. At the 
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same time, similar to other antiferromagnetic insulators, α-Fe2O3 exhibits a fairly strong 
magnetoelastic effect28,29 with the magnetostrictive coefficient 𝜆𝑠 on the order of 10
-6. It is known 
that 𝜆𝑠 has positive values in α-Fe2O3, indicating that an easy axis of N will be induced along the 
compression direction within the basal plane, which is consistent with the trend observed in our 
Fig. 3c and d. The magnetoelastic energy due to thermal stress can be written28 as a function of 
∆𝐸𝜎 = 2𝜆𝑠∆𝜎sin
2𝜃. On the other hand, based on the results in Fig. 3c and d, we calculated the 
measured angle-dependent anisotropy energy (Fig. 4d, see supplementary information for 
calculation process) and plotted the energy change for different applied currents ∆𝐸(𝐼) = 𝐸(𝐼) −
𝐸(0) in Fig. 4e, which has a quadratic dependence on current. By equating the two energies and 
using ∆𝜎 obtained from simulations for each applied current, we can determine 𝜆𝑠 in our α-Fe2O3 
to be ~1.4×10-6, which is on the same order of magnitude as that reported in previous studies28,29. 
Using this magnetostrictive coefficient, we find that the results obtained from devices with 
different channel widths as well as under different applied current direction and magnitude, can 
all be well explained (see Fig. 4e and supplementary information).   
The thermally-caused magnetoelastic effect plays a more significant role in 
antiferromagnets compared with ferromagnets, as 180⁰ switching is usually pursued in the latter 
case and a change in uniaxial magnetic anisotropy does not make major contributions.  To further 
explore the real signature of spin-orbit torque induced dynamics in our Pt/Fe2O3 system, one needs 
to suppress the anisotropic thermal stress in the device. As our results suggest, one possible 
approach is to scale the device down to the deep nanometer regime, which can help to maintain a 
high current density and at the same time reduce the total thermal load.   
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Methods 
            α-Fe2O3 films are grown on α-Al2O3 (0001) substrates with rf magnetron sputtering with a 
base pressure of less than 3×10-8 Torr. To overcome oxygen vacancies and improve crystal quality, 
we annealed our films in ambient pressure of 50% O2 50% N2 gas at 850~950℃ for 2 hours. The 
SQUID magnetometry was used to characterize the magnetic properties of the obtained film. Due 
to the tiny magnetic moment, careful efforts have been made to avoid contamination and 
contributions from sample holder. Results from sample films were compared with baseline 
measurements of bare α-Al2O3 substrates, which was used for excluding substrate effects.  
We sputtered 5 nm Pt on the 10 nm Fe2O3 film and fabricate it into Hall bars with 4~20 
μm width using photolithography and ion-milling. Angle-dependent longitudinal and transverse 
resistances were measured with a rotating electromagnet, which is driven by a step motor. The 
data in Fig. 2 was taken by using a combination of a Keithley 2400 source meter, a Keithley 195A 
voltmeter, and an HP 3488 switch control unit, which toggle the measurement circuit between the 
writing and reading modes. 
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Figure 1  Material properties and spin Hall magnetoresistance of α-Fe2O3. (a) Magnetic 
structure of α-Fe2O3. Sublattices MA and MB are layer-stacked and antiparallel aligned with a small 
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canting angle (not visible in this figure). (b) X-ray diffraction of α-Fe2O3 (0001) film on α-Al2O3 
(0001) substrate. Inset: rocking curve of the α-Fe2O3 (0006) peak.  (c) SQUID magnetometry of 
α-Fe2O3 films for three different thicknesses. (d) Schematic of Hall bar device geometry and spin 
Hall magnetoresistance (SMR) measurement configuration. The inset shows the relative 
orientation between magnetic field and the canted moments of the two sublattices. (e) Longitudinal 
(Rlong) and transverse (RH) angle-dependent SMR with 2000 Oe in-plane field. The sensing current 
for this measurement is along [1̅21̅0] of the crystal. (f) Transverse angle-dependent SMR under 
different in-plane fields.  
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Figure 2  Current-induced Hall resistance switching in α-Fe2O3/Pt devices. (a) Schematics of 
the writing and reading procedure. In Stage A and Stage B, the net writing current pulse was 
applied along two diagonal directions, leading to low and high resistance states. (b) Example of 
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RH switching by current pulses. The red branches represent measured SMR signal in Stage A and 
the blue branches are from Stage B. There are five pulses applied in each stage. A 2 mA sensing 
current is used for reading. (c) Current-induced switching without and with an external magnetic 
field of 2000 Oe. The field is applied parallel to x axis. (d) and (e) Measurement of angle-dependent 
SMR signal after writing current pulses, showing that the RH change is not related to the SMR 
value change. (d) and (e) correspond to writing currents of I = 40 mA and I = 45 mA, respectively.  
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Figure 3  Current-induced magnetic order tilting as observed from SMR measurement. (a) 
Schematics of the magnetic moment tilting under applied currents. The left and right figures 
represent the cases when the current is applied along the x and y axis, respectively (φ = 0° and 90°). 
The purple arrows on the sublattice moments indicate the tilting direction. Intrinsic magnetic 
anisotropy within the basal plane is neglected in these schematics.  (b) Angle-dependent SMR 
under different applied currents when I is parallel to x axis (φ = 0°). The dashed arrows are guide 
for the eye, illustrating the shift of peak and valley positions. (c) The angle between M and H as a 
function of 𝜃𝐻 for a range of applied currents at φ = 0°. The curves are obtained from results in 
Fig. (b). (d) The angle between M and H as a function of 𝜃𝐻 for a range of applied currents at φ = 
90°. (e) Spin torque induced magnetic moment tilting for current parallel to x axis (φ = 0°), as is 
determined from macro-spin simulations, which shows an opposite trend to the experiment results. 
The simulated current density is smaller than the one needed for continuous Néel vector precession.  
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Figure 4  Thermal-magnetoelastic origin of the current-induced magnetic order tilting. (a) 
Current induced magnetic moment tilting for devices with different channel width w. The 
background of misalignment between 𝜃𝐻 and 𝜃𝑀 due to crystalline anisotropy within the basal 
plane has been subtracted in these plots.  (b) Schematic of thermally induced magnetoelastic 
switching. The current channel heats up the substrate and induces a thermal expansion, which 
leads to a net compressive stress in the longitudinal direction. This compressive stress further 
causes an easy axis anisotropy along the current flowing direction for Néel vector. (c) Finite-
element simulation of the thermal-induced anisotropic compression at the substrate surface. 
Compressive stress is shown as negative values. The small red arrows represent the magnitude 
and direction of the stress. (d) Angle dependent magnetic anisotropy energy as a function of 
applied current for φ = 0°, as is calculated using the data in Fig. 3c. (e) The magnetic anisotropy 
energy within basal plane as a function of I. The current is applied along the x direction (φ = 0°). 
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The red squares and blue triangles are experimental values. The green solid line is the simulated 
magnetoelastic anisotropy energy. 
